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STRESS RELATED SURFACE TENSION EFFECTS

IN HARD ELASTIC POLYMERS

Kim Walton, Abdelsamie Moet and Eric Baer
Case Western Reserve University
Department of Macromolecular Science
Cleveland, Ohio 44106

INTRODUCTION

Many investigators have invested a sizeable amount of
effort in the study of specially processed polymers, known
collectively as hard elastic, since their patenting in the mid
1960's [1]. These materials have an unusual combinacion of
physical and mechanical properties. Figure 1 shows the loading
cycle of hard elastic polypropylene, and is typical behavior
for these materials. Some examples 1include: 1) high initial
modulus, 2) large recoverability (up to 98%), 3) ‘'energetic'
elasticity, and 4) high porosity. This field was thoroughly
reviewed by Cannon, McKenna, and Statton in 1976 [2].

The first hard elastic polymers were made from crystalline
lamellar materials, and were processed via melt spinning and
stress crystallization, followed by annealing unrder tension. The

common morphology of these polymers is shown for hard elastic

polypropylene [3] in Figure 2a. The structure consists of rows of

lamellac oriented perpendicularly to the direction of draw.
Between these lamellae are microfibrils (ca. 100—5002 diameter)
parallel to the draw direction and interspaced with voids.

Over the years, several different models were proposed in

an attempt to relate the mechanical behavior to the morphology,
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most of which involved a bending or shearing mechanism of the
row-structured lamellae (4,5]. Hence, crystallinity was thought
an essential criterion for hard elastic behavior. However,
microscopic investigations by Miles, et. al. [6] of hard elastic
polyethylene revealed little distortion of the lamellae. Further,
calorimetric studies by Gortz and Miller [7] indicated both
energetic and entropic elastic components, unaccounted for by the
lamellae model.

Attention in more recent models has been given to the
free surface energy change of the polymers with sirain [6~9].
Furthermore, the focus has changed from the lamellae to the
microfibrils.

An analogous microstructure can be produced in amorphous
polymers by crazing them. Figure 2b shows the similarity of
the craze structure to the crystalline morphology. We have
reported that extensively crazed high-impact polystyrene (HIPS)
exhibits hard elastic behavior, as the loading cycle illustrated
in Figure 3 shows [10,11]. Hence, hard elastic behavior is
associated with a bulk-microfibril composite structure and is
independent of crystallinity. We believe that a substantial
portion of the elastic restoring force is due to a surface energy
mechanism associated with the fibrils.

Evidence for the above hypothesis is demonstrated by the
unique behavior of the stress in extended hard elastic materials
to "inert" liquids. The phenomenon was first reported by Miles,
et. al. [6] with polyethylene and further studied by our group
using HIPS [11]. Figure 4 shows the experimental procedure. The

sample was stretched to a desired fixed elongation and the stress
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was allowed to relax to a time independent level. While under 1ixed
elongation, the sample was immersed in a non-swelling wetting
liquid. Immediately, the stress dropped to a new level, remaining
there until the liquid was removed; subsequently, the stress rose

to a new level. Liquids with high surface tensions (non-wetting)

induced no change in the stress, whereas low surface tension liquids

(wetting) produced a substantial depression of the stress.

Recently, Brown and Kramer havce reported a study of the

rise in stress after changing the environment of crazed polystyrene

specimens under load from methanol, water or their mixtures to &ir

[12]. They derived an equation relating the change in the surface

component of the stress to the surface tension and the craze fibril ‘
geometry.

In this study, we closely examine the stress depression
phenomenon as a function of environmental surface tension, strain,
and viscosity. These results are correlated with changes an the
void content as the specimens are strained. Three systems are
investigated: hard elastic HIPS, hard elastic polypropylene ana
Gore-Tex<:2 a non-elastic (see Figure 35) but fibrillated Teflon
material (see micrograph in Figure 2c¢).

EXPERIMENTAL ;

Ordinary HIPS, supplied by the Dow Chemical Conpany, hard
elastic polypropylene from Celanese Corporation, and Gore—Tex<:>
supplied by Gore and Associates, were Lhe materials used in all

experiments. The pellatized HIPS were compression molded into

10 mil thick sheets. Dumbbell-shaped specimens about 3mm wide

with a 16mm gauge length were cut from these sheets. The samples

were annealed in a vacuum oven at 86°C focr 50 hours then cooled
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at 10°C/hr to room temperature to relieve internal residuul
stresses. Specimens of hard elastic polypropyliene and Gore-Tex
were cut from 1 mil tilms, as received, using the same sample
goemetry. Hard elastic HIPS was produced by straining the
specimens in an Instron machine at a rate of 3 x 10-2 min—] to
an elongation of 40}, followed by immcediate unloading. Stress-
strain and stress relaxation experiments in air and in liquids
were performed using an Instron tensile testing machine. The
materials were strained to the desired fixed elongation and the
stress was allowed tu relax for one hour. Samplies were then
immersed in liquid and the stress was allowed to stabilize for
30 minutes, after which the liquid was drained, resulting in a
new stress level after a period of ten minutes.

Void volume estimates as a function of strain were obtained
by stretching the preweighed porous samples to a fixed elongation
and imbibing them with 5¢St silicone o0il. Excess oil was carefully
wiped from the surfaces. After unloading the tension from the
samples, 0il was forced out of the contracting material and
absorved by preweighed pieces of filter paper. The total mass
of the oil imbibed in the strained specimens w2re then determined
by weight difference.

RESULTS

The effect of surface tension of environmental liquids on the
stress depression, Ac, was studied by straining che materials to
25% and then following the immersion procedure described above
using firstly, pure, non-swelling liquids and finally, water-
ethanol mixtures. The weight fraction of ethanol in the mixtures

was varied for different samples and the resultant stress




depression was measured as a funciion of the surface tension

o! the mixture [13]. Table 1 shows the effects of various

pure liquids on the stress depression of the three materials.
The liquids are listed with their surface tensicns (y) in
descending order. Note that, gencrally, the stress depressions
increase with decreasing envirconmental surface tension.
Furthermore, the observed values for surface tension above the
¢ritical wetting energy of the polymers, ¥,» are very small or
zero. However, the magnitude of the observed depressions
differed substantially with the material urder tension. Overiil,
Gore-Tex exhibited stress changes about twc orders of magaitude
lower than HIPS and hard elastic polypropylene.

Figures 6a and 6b show tne relationships beiween ~he
surface tension of the water-ethanol mixtures and the stress
depressions exhibited by hard elastic HIPS and hard elastic
polypropylene, respectively. For hara elastic HIPS, pure
ethanol (y = 22.5 dynes/cm) induced a change of 31.3 kg/cmz. A
dramatic decrease in the stiress drop was observed when tihe
surface tension of the mixtures was increased froin 22.5 to 25
dynes/cm. This was tfollowed by a more gradual decrease in the
depression with surface tension. The most interesting feature
to note is the inflection at y = 35-40 dynes/cm. This value
corresponds clusely to the critical surface energy of polystyrene
reported elsewhere [14]. Beyond this transition there was little
change in the stress depression as the surface tension increased.

Note the change in slope at the inflection from 1.5 to 0.25 kg/cm

tnas— : 2 i SRS LA i e .
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dynes with increasing suriuce tension. A similar relationship
was exhibited by hard elastic polypropylene as shown in
Figure 6b. There are important ditferences, however. The
stress depression values are much larger than HIPS
(112 kg/cm2 in ethanol); furthermore, no changes in siress were
observed above 40 dynes/cm, close to the critical wetting energy
{5] of polypropylene. Water-ethanol mixtures were not used for

R
Gore—Teg:)since the surface tensions of the mixtures are too
tiigh., Thus, Figure 7 shows a stress depression-surface tension
plol for Gore~Tex wusing pure liquids. Note the smali drop in
stress overall; also observe that no depressions exist at surface
tensi%f)values above 22 dynes/cm, a value close to CC for
Teflon [16].

The stress depression is believed to be very sensitive to
the microfibril structure. Thus, this phenomenon was further
investigated as a function of the polymer deformation and
subsequent change in structure. Hard elastic samples were
stretched to different fixed elongations and the observed changes
in stress resulting from immersion in methanol were measured.
These values were normalized with the corresponding initial
equilibrium stress, SR Figure 8 compures the c¢ffect of strain
on the normalized stress depression, Ao/oo. As shown for HIPS,
the normalized stress drop increased linearly with strain up to
25%, remaining constant thereatter. On the other hand, normalized
values for hard elastic polypropylene remained essentially constant
for ali ¢longations.

The stress depressions observed for hard elastic polypropylence

and Gore-Tex were completely reversible (cf=oo). Hard elastic HIPS,
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however, exhivitcd a stress drop,.ﬁor (Figure 4). As snown 1n
Figure 9, the dependence of the residual stress change on strain
was very similar to the AO/OO relationship. Below 15%
elongation, however, upon removal of the methanol environment,
the stress rose to a level exceeding the initial equilibrium
stress. This is shown as a negative residual stress depression.
The pore characteristics of the hard elastic polymers were
determined by two methods. First, the effect of liquid
viscosity on the stress drop was studied. Next, the void
volume changes with strain were examined. Figure 10
illustrates the effect of liquid viscosity on the stress drop.
In this experiment, silicone oils of different viscosities
were used. As can be seen, the overall shape of the stress
curves changes from a rapid stress drop to a more gradual

stress reduction as the viscosity was increased from 1 to 5000

cSt for subsequent samples.

Because of its low evaporation rate, silicone o0il remains
entrapped in the pores of these materials. This imbibing quality
was utilized to cobtain a rough estimate of the void volume
fraction of hard elastic HIPS and polypropylene as a function
of strain. These values are only cstimates since the oil may
not penetrate the smaller pores in the materials. The method,
however, does offer a simple alternative to other techniques such as

mercury porosimetry. As shown in Fig.11l,the results for hard elastic

polypropylene are, in fact. reasonably close to void volume
fraction measurements determined by mercury penetration {4]. Note
that a linear relationship exists between the void volume fraction

and strain for hard elastic polypropylene; the slope of the line

T T - ——




DISCUSSION

is about one. On the other hand, void volume estimates 1ur hura
elastic HIPS are much lower overall (slope 1s about one-halty ).
Furthermore, the c¢razed HIPS hus a small .nitial void content at
zero strain, whereas no measurable voids were detected for the
unstrained hard elastic polypropyilene film.

Despite an increase in voild volume with strain, the stress

depressions for hard elastic polypropylene are essentially strain

independent. On the other hand, crazcd HIPS showed significant
elongation dependencies in its sStress change. Apparently, subtle

differences in the deformations of these materials are occurring.

The precise function of microfibrils in hard elastic polymers
is not well understood. Their importance in various models of

crystalline polymers has ranged from mere tie¢ points [4,5] to the

fundamental element [9]. The recent disclosure ol hara elastic
behavior in crazed HIPS [11] clearly revealed the connection
between microfibrillar superstructure and hard elastic behavior,
since no lamellae exists in this material. Polymers with a
{ibrillar structure are not necessarily hard elastic, however,
Gore-Tex has an extensive fibrillar domain as shown in Figure 2c.
Its loading cycle (Figure 5), however, clearly reveals an
inelastic material. Hence, the necessary criterion of micro-
fibrillar structure f{or a hard elastic polymer must be established.
Microscopic investigations of hard elastic polymers indicated
that extensive void and fibril formation occurs with strain
(2,4,6]. TFurther studies with mercury porosimetry [17] and BET
gas absorption [18] revealed a large internal surface area and

a pore size hierarchy for deformed hard elastic polymers. Our
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own experiments show signiilcant vold formation during extehislion.
There are notable differcnces between hard elastic polypropylence
and HIPS, however. As shown in Figure 11, the void volume is
much more sensitive to strain for polypropylene than HIPS.
Furthermore, the virgin polypropyiene hard elastic film has very
little void content, whereas c¢ruzed HIPS contains 4 significant
initial void voiume. ‘These diftercnces are primarily due to
variations in processing for the two polymers.

Gas flow cxperiments {3] and our studies with difierent
liguid viscosities (Figure 10) revewi that the voias are
interconnecting and that fluid tfiow in these muaterials occurs
by mass transport. The {low rate 1s greatly reduced in high
viscosity fluids. One can conclude, therefore, that these
materials exhibit mechanical behavior greatiy influenced by
ioad bearing microfibrils, open to the environment.

The stress sensitivity of hard elastic polymers to changes

in environmenial surface tension has been well documented [(6,10,11].

Because of their exposure to the environment, the surface
contribution to the stress 1s primarily due to the microfibrils.
Brown and Kramer [12], using a cylinder as a model for craze
fibrils related the change 1in the surface component of the stress

in crazed polystyrene to the change in surface tension as shown

below:
2 40 vy v,
AG = ———————— (1)
D
where v, is the volume fraction of the craze fibrils, Ay =

f

Y polymer/air ~ Ypolymer/liquid , and D is the average craze

fibril diameter. The above equation predicts that the stress

e e R L N K




-10-

depression iIs sawply o fancetion of the sarlace Lonsion and Dibrio
geometry of any polyvmer. Thus, kquatlion 1 stould be applicable 1o
el microfivriliated polymers.

A linear relationship between siress depression and the
change in surface tension is prediceted by this model. Figures
ta, 6b and 7 indicute thuat the stiress depression - suriace
lension relatilonship cun be reasonubly approximuted us (incas
O suriace tension values below fL NOlLG thul lhe surtace
tensions shown on the abscissa are 11GdiG, rather than interiacial
surtace tensions.  Nevertheless, these piols cleudriy réevea. «
monotonic refuativnship between Lo and Lo,

Using inteclaciai surface tension vaiues from the
Plterature 12,%4-1v ] for the environmental iguids ¢noscen or
the study, sSiress depressionh values canh be catculuted from

Egquation 1. The 1nterfacial tension miay dalso D¢ estimiteq usin

X,

Fowke's method [19]. The suriace enerygy of the polymer and
Liguid ure separuted into dispersion ana hydrogen boading

d n - L . . ‘
components, ° and ~ ., The relationship is given oy

where 1 corresponds to the tiquid component und 2 coiresponds Lo
the polymer.

Table T[ shows stress depressions calculated ifvom Equataion !
for the three polvmers using exprimentally determined [12,14-16]
and estimated [20] interfacial surface teasion values for selecied

liquids. Calculated and experimental values are compared.

As predicted by Equation 1, the stress depression values
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for Gore~TeXx dre substantlally lower since 1is daveraZe lapril
diameter (20.3 m) 1is aboutl 1wo order's o) GuhliUlde ldrger than
those of hard elastic HIPS and polypropyitence. This tow
sensitivity to changes in surfuace tension amplies that the

®
surfacce component o! the stress in Gore-Tex  i1s small.,

Unfortunately, calculated ana oxperimenta,. stress deprossion
values for hard elastic polvpropyiene are substantially aiifcrent.
tnless the fibril volume is mucn turger or the 11bril diafeier
much smaller than previously reposted [(4-8), theére is Lo sUitlabiic
explanation for the discrepanciles Loelween lhoe Cu.culiced and
experimental vaiues using this model.

Equation 1 further predicts thut 1he stress depression is
1ndependent of strain. As seen in Figure S, hard elastic
polypropvliene obeys this relationship (the raw stress aepression
values were also approxinately constant). For hard elastic iHIPS

under high tension the siress depressions are independent of

strain. Below about 25% elongation, however, the stress deproesslons

decreasce with strain. The effect may be due to a larger fibril
diameter at low strains, or an ihcrease in the volume fraction of
the ribril phase with elongation. Again, the differences in
process history contribute greatly to the differences in strain
response .

Summarizing the comparisons between caiculated values from
Equation 1 and experimental results, we obscerve that:
1) Equation 1 correctly predicts a iinear relationship between
stress depression and liquid surface tension, at least for
surface tension values below the critical wetting point.
2) As indicated by Equation 1, the stress depression is

dependent on the diameter of the microfibrils under stress.




3) This surtuace phenomenon is .nacependent ol strawa {or hard

elastie polypropyiene for all c¢longations and for hard elastic
HIPS above 25% strain.

1) The values of stress depression predicted by Equation 1 tor
hard elastic polypropylene, are, however, far lower than
experimentally determined.

Theretfore, although the cylindrical model works well as an
approximation of the stress depression-sarface tension phenomenon,
the relationship is undoubtably more complicated than the
geometric description given in Equation 1.

Another method of describing the sitress sensitivity of
these polymers to changes in suriacce tension is a phenomenologicai
approach. Chudnovsky et al. [21] recently developed a theory of
c¢razing in amorphous polymers. In this paper they postulated
tniat a c¢raze may be treated as a separate phase from the bulk.
Evidence from previous work indicates that this postulate may be
generalized for all microfibrillated polymers. Brown and Kramer
{12} observed from micrographic evidence in other work [22] that the
¢raze fibrils have a much greater compliance than the bulk glass.
Takayanagi et al. [23] developed a two phase mechanical model for
fibrillated crystalline polymers. The phases consisted of a
crystalline and amorphous region and taunt tie (microfibril)
molecules.

I{ we construct a parallel model of fibril and bulk phases
(Figure 12), the total stress is the sum of the contributions of

these two regions. Thus,

9Total - “Bulk + %Fibrils (3)
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The stress components cun be related to their respective modul i
and the concentrations of either phase. In addition to its
intrinsic material property, the fibril modulus has a surfuce

tension component. For these phases in parallel,

c = [(l-C)Eb + ch (L = f(y)le (4)
whoere:
Ey,Ey = modulus of bulk and craze

fibrils, respectively

¢ = fractional 1ibril
concentration

Y = interfacial surface
tension

Hence, we attempt to relate the surface tension component
to an intrinsic property, i.e., modulus of the polymer. Becausc
of our limited knowledge of the interaction between the micro-
fibrils and the liquid environmeni, the Tunction f(~) cannot be
explicitly derived. However, the differential form of {(y) can
be estimated by imposing therestriction that ¢ is constant and
that the material is in a stress relaxation mode. The change in
the stress depression with respect to surface tension has been

observed to be linear. Hence:
Ao n KAy (5)

where Ay Differentiating (4)

T polymer/air ~ Y polymer/liquid'

with respect to y we obtain:

.

30 d¢ Jc SE(y)
dy = [ (E., - E,. ) + E, f(y) — + cE
Jy 3y f b t oY f 3Y

Ju o dy

(6)
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30 Ac
but from (5): Y ~o K
3y Ly

Therefore (4) rearranges to

se ac SE()
K _/\_i [3Y (Ef - Eb) + Ef f(Y) T + LEf _j‘_.\{— ]'\‘

Surface tension changes are not thought to induce changes in

the microfibril concentration. Tius (6) reduces to

df(y)

K ~ cE (7)

— f

(@]

dv
K can be readily calculated using the stress depression values
obtained experimentally and the literature values for the

interfacial surface tensions of the poiymers with various

liquids [12,14-16,20]. Hence we obtain K values of 0.667 cmnl,

2.78 ecm™), and 4.92 x 102 em™! for HIPS, polypropylene, and
Gore-Tex , respectively. The fibril modulus of the polymers can
be estimated using a method described by Coran and Petal [24].

2, 1.8 x 104 kg/cm2 and

The values obtained are 1.3 X 104 kg/cm
1.1 x 10° kg/cm® for HIPS, hard elastic polypropylene and
Gore-Tex , respectively.

From the literature [4,12], [ibril concentrations of 0.2
and 0.5 are assumed for HIPS and hard elasticcﬁglypropylene.
Our own microscopic investigations of Gore-Tex revealed a
fibril concentration of 0.5. Using these values, estimates of
3

315 ) were 1.03 x 10~° cm/dyne , 1.24 x 10~

3.58 x 10—4 cm/dyne for HIPS, hard elastic polypropylene and

cm/dyne, and

Gore-Tex . Further investigations of the exact nature of the
microfibril - liquid interaction are needed to derive an

explicit function.
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We have stated previously that a microfibrillar structure
is a necessary requirement for hard elastic behavior. Note,
however,_that this structure is not a sufficient cordition.
Gore-Tex 1is clearly non-elastic. We have further noted that
the surface component of the stress in this polymer is
apparently rather low, resulting in its small sensitivity to
changes in environmental surface tension. An apparent reason for
this low reactivity is its relatively large average fibril
diameter.

One may conclude, therefore thut the microfibrils in the
structure must have a sufficiently low diameter in order to induce
hard elastic behavior. There are two justifications for this
conclusions. Firstly, we have observed that hard elastic polymers
contain a large surface tension component in their retractive
stress, an observation supported by Miles et al. [6] and
postulated by others {7-9]. The surface component of the stress
in Gore-Tex , as shown by our experimental evidence and predicted
by Equation 1, is simply too small to induce a suitable retractive
force.

Secondly, fibrils with a relativeiy large diameter are more
likely to exhibit bulk-like behavior, or, in other words, be
subjected to a triaxial stress field. As shown in Figure 13,
large fibril units under a stress below the yield (A&B) contain
a triaxial stress state and are subject to drawing or necking.

At stress levels sufficiently higher than the yield stress,
narrow fibrils are under uniaxial stress (C). Thus, because of
their very small diameter, the microfibrils in hard elastic

polymers are subjected to, primarily, uniaxial stress. Craze

R T
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fibrils in particular do not neck but grow by drawing materiul
from the bulk [22].

Hence, a maximum fibril diameter limit exists where '"micro-
tfibriliar" behavior occurs. By microfibrillar behavior, we refer
to their high elasticity [12] and large surface energy component
in their stress. It is our beliet! that hard elastic behavior is
a bulk manifestation of the mechanical properties of microfibriis.
Thus, above a certain average fibcil diameter level, hard elastic
behavior will not occur. This bulk~-to-microfibril transition
diameter is, no doubt, characteristic of the particular polymer.
Determination of this c¢ritical fibril diameter in the future will
lead to greater understanding of the structural criterion for
hard elastic behavior.

The question of swelling or solvation is a difficult one
since surface tension and solubility parameter are closely related
[12]. Note, however, that, particulariyv for hard elastic poly-
propylene and Gore-Tex , the stress depression phenomenon is both
rapid and reversible. The residual stress depression in HIPS,
however (Figure 9), appears to be a measure of permanent damage
to the material. For liquids with solubility paramcters close to
polystyrene, residual depression values were high. The large
degree of crystallinity in isotactic polypropylene and Tefloﬁg)
probably prevented similar occurrences for hard elastic
polypropylene and Gore-Tex .

CONCLUSIONS

Hard elastic polymers consist of numerous interconnecting

pores whose void volume is highly dependent on the processing
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history and strain imposed on the matcerials. Mass Lransport

of fluids into these pores is greatlly aifected by the viscosity

of the environmental liquid, decreasing with increasing viscosity.
Hard elastic behavior is a manifestation of a bulk-

microfibril superstructure. A substantial surface energy

component of the stress exists in these materials, independent

of strain at high tension. As a result, significant changes

in the equilibrium stress occurs when these polymers, under

load, are subjected to changes in enviromnmental surface tension.

An apparent requirement for this surface tension component 1is

load bearing microfibrils with sufficiently small radii.

Evidently, a maximum average fibril diameter exists whereby 1

hard elastic behavior may occur in polymers with these structures.

Although the surface energy component of the stress is

highly dependent on the fibril structure, the relationship

between stress and structure is more complex than a simple
geometric function. A phenomenological approach may give
greater insight into this relationship. However, further
knowledge of microfibrillar behavior in general 1s necessary
to derive an explicit function.
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FIGURE LEGENDS

Figure 1 Typical hard elastic behavior demonstrated by the
loading cycle of hard elastic polypropylene.
Note hysteresis loop.

Figure 2 Electron micrograph of three different fibrillated
polymers a) hard elastig polypropylene b) crazed
polystyrene c) Gore-Texw), a Teflon material.

Figure 3 Loading cycle of 40% crazed HIPS, clearly indicating
hard elastic behavior.

Figure 4 Experimental procedure lor measuring the siress
depression. The difrerence between the initial
equilibrium stress and the new stress level induced ;
by liquids 1is called 5. The difference between P
the final stress after liquid removal and the initiai
stress 1s called Aor.

Figure 5 Loading cycle of Gore-Tex a highly inelastic
material. .

Figure 6 The effect of environmental surface tension on the
stress depression in a) hard elastic HIPS and
b) hard elastic polypropylene (HEPP) using water
ethanol mixtures.

Figure 7 The Ac-vy relationship of Goretex determined with
pure liquids.

Figure 8 The effect of strain on the normalized stress
depression of HIPS and HEPP.

Figure 9 The normalized residual stress depression measured
for crazed HIPS as a function of (fixed) strain.

Figure 10 The effect of viscosity on the stress drop in hard
elastic HIPS.

Figure 11 Void volume fraction of hard elastic HIPS and
polypropylene as a function of strain.

Figure 12 Diagram of fibrillar and bulk phase in hard elastic
polymers.

Figure 13 Schematic representation of the stress field in

large (B) and small (C) fibrils.
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TABLE II. COMPARISON O CALCLLAYVED AND
EXPERIMENTALLY DETERMINED LIQuUi.
INDUCED STRESS DEPRESSIONS

Hard Elastic HIPS (v = 42 dynes/cm)
¢

Liquid Yl(dynes/cm) Y19 AY:Yp/uir-Yp/liqu1d chal
Water 72.0 43.5% 1.5 1.5
Methanol 25.0 3.0% 39 26.0
Hexane 18.4 5.2% 36.9 24.5
Freon E-3 14.2 27.7% 14.5 9.5
Hard Elastic Polypropyieng_(\c = 35 dynes/cm)
Liquid Yl(dynes/cm) Y12 LY:Yp/air-Yplllquid 50 a1
Water 72.0 52.5% -17.5 -8.8
Methanol 25.0 5.5°  32.3 16.3
Hexane 18.4 2.64°  32.4 16.2
Freon E-3 14.2 4.6°  30.4 15.2

Gore—TexC>(yC = 18.5 dynes/cm)

Liquid Yl(dynes/cm) Y19 AY=Yp/air_yp/11quid Accal
Water 72.0 412 -22.5 -0.75
Methanol 25.0 0.237% 18.3 0.60
Hexane 18.4 0.500% 18.0 0.60
Freon E-3 14.2 4.3% 14.2 0.58
a - Calculated from data of Owens and Wendt [20]

b. - Determined by assuming the hydrogen bonding

component in polypropylene was zero [i9]
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